Class II transcription activators function by binding to a DNA site overlapping a core promoter and stimulating isomerization of an initial RNA polymerase (RNAP)-promoter closed complex into a catalytically competent RNAP-promoter open complex. Here, we report a 4.4 angstrom crystal structure of an intact bacterial class II transcription activation complex. The structure comprises Thermus thermophilus transcription activator protein TTHB099 (TAP) [homolog of Escherichia coli catabolite activator protein (CAP)], T. thermophilus RNAP s A holoenzyme, a class II TAP-dependent promoter, and a ribotetranucleotide primer. The structure reveals the interactions between RNAP holoenzyme and DNA responsible for transcription initiation and reveals the interactions between TAP and RNAP holoenzyme responsible for transcription activation. The structure indicates that TAP stimulates isomerization through simple, adhesive, stabilizing protein-protein interactions with RNAP holoenzyme.
S
imple bacterial transcription activatorsthose that stimulate transcription from a single DNA site without other factors-are divided into two classes (1) (2) (3) . Class I transcription activators, typified by Escherichia coli catabolite activator protein (CAP) at the lac promoter, stimulate transcription by binding to a specific DNA site upstream of a core promoter and facilitating binding of RNA polymerase (RNAP) holoenzyme to form an RNAP-promoter closed complex (RPc) (1) (2) (3) . Class II transcription activators, typified by E. coli CAP at the gal promoter, stimulate transcription by binding to a specific DNA site overlapping a core promoter and facilitating conversion of RPc into a catalytically competent RNAP-promoter open complex (RPo) containing~13 base pairs (bp) of unwound DNA ("transcription bubble") (1) (2) (3) . A 20 Å-resolution electron microscopy structure of a class I transcription activation complex has been reported (4), but no structure of a class II transcription activation complex previously has been reported. Here, we determine the 4.4 Å-resolution crystal structure of a class II transcription activation complex comprising Thermus thermophilus transcription activator protein TTHB099 (TAP) (a thermophilic sequence, structural, and functional homolog of E. coli CAP) (5); T. thermophilus RNAP s A holoenzyme; a class II TAP-dependent promoter; and the ribotetranucleotide primer UpCpGpA (TAP-Rpo) (table S1, Fig. 1 , and figs. S1 and S2).
To obtain a structure of TAP-RPo, we used a nucleic-acid scaffold corresponding to positions -57 to +15 of a class II TAP-dependent promoter (positions numbered relative to transcription start site) (Fig. 1A and fig. S1 ). The scaffold contained a consensus DNA site for TAP centered between positions -41 and -42 (same position as DNA site for E. coli CAP in gal promoter) (1, 2), a nearconsensus extended -10 element (3), a consensus -10 element (3), a consensus discriminator element (3), a consensus core recognition element (3), a 13-bp transcription bubble (maintained in the unwound state by having noncomplementary sequences on nontemplate and template strands), and UpCpGpA.
In the structure of TAP-RPo, TAP interacts with DNA, RNAP holoenzyme interacts with DNA, and TAP and RNAP holoenzyme make protein-protein interactions (Fig. 1, B and C) . The structure of TAP-DNA in TAP-RPo is superimposable on the structure of CAP-DNA (6) , corroborating that TAP is a homolog of CAP (Fig. 1D) . The structure of RPo in TAP-RPo is essentially superimposable on structures of RPo (7) (8) (9) (10) [neglecting RNAP a subunit Cterminal domain (aCTD), which was not resolved in previous structures], indicating that interactions between the class II activator and RPo do not substantially alter the conformation of RPo (Fig. 1E) .
RNAP contains two copies of aCTD, each of which is connected to the rest of RNAP through a flexible linker (1-3). In the structure of TAPRPo, one aCTD (probably aCTD (Fig. 1, B and C). In the crystal, the second aCTD is constrained by lattice contacts (i.e., contacts with TAP in an adjacent molecule of TAP-RPo in the lattice) ( fig. S4 ). In solution, this aCTD would be free to adopt other positions.
The structure defines the interactions between RNAP holoenzyme and DNA that mediate promoter recognition and promoter unwinding in transcription initiation ( Figs. 1 and 2 ) and the interactions between TAP and RNAP holoenzyme that mediate transcription activation (Figs. 1, 3, and 4 ).
TAP and s conserved region sR4 "corecognize" the promoter -35 region, contacting the same DNA segment from different faces of the DNA helix (Figs. 1, B and C, and 2A). The general mode of interaction of sR4 with -35-region DNA in TAP-RPo-binding of the second a helix of the sR4 helix-turn-helix motif in the DNA major groove-is the same as in RPo ( Fig. 2A and fig.  S5 ) (8) (9) (10) , but, due to DNA distortion by TAP, -35-region DNA is rotated~20°away from sR4 ( fig. S5 ). This rotation decreases the number of sR4 residues that contact DNA bases from 3 to 2 and decreases the number of contacted DNA bases from 4 to 2, providing a structural explanation for the observation that, although -35-region DNA sequences are recognized in class II activatordependent transcription, the recognition specificity is less and the number of recognized bases is smaller than in activator-independent transcription (11) . Two sR4 residues are positioned to make contacts with DNA bases that potentially enable sequence readout ( Fig. 2A) . Substitution of these residues reduces RPo formation, verifying their importance ( Fig. 2A) .
s conserved region sR3 interacts with the promoter extended -10 region (Figs. 1, B and C, and 2B) (8) (9) (10) . Three sR3 residues are positioned to make contacts with DNA bases (Fig.  2B and fig. S6 ). Substitution of these residues reduces RPo formation, verifying their importance (Fig. 2B) .
s conserved region sR2 interacts with the promoter -10 element at the "upstream fork junction" where DNA unwinding occurs to form the transcription bubble (Figs. 1E and 2C). sR2 interacts with the first position of the -10 element (-12) as double-stranded DNA (dsDNA) and the second through sixth positions of the -10 element (-11 through -7) as nontemplatestrand single-stranded DNA (ssDNA) (Figs. 1E and 2C). sR2 Trp 433 (numbered as in E. coli s
70
) is positioned to stack on the nontemplate-strand base of base pair -12, forming a "wedge" that forces the nontemplate-stand -11 base to unstack and flip outside the DNA helix (9) , where it is captured by binding within a pocket formed by residues of sR2 ( Fig. 2C and fig. S6 ) (7) (8) (9) (10) . sR2 Arg 436 is positioned to stack on the templatestrand base of base pair -12, forming an analogous "wedge" that forces the template-strand -11 base to unstack and flip outside the DNA helix, where it is captured within a channel formed by residues of RNAP, sR2, and sR3.2 that leads into the RNAP active-center cleft (Fig. 2C , are positioned to make direct contacts with the nontemplate-and templatestrand bases of the -12 base pair, providing a structural explanation for the observation that substitution of these residues alters specificity at -12 ( Fig. 2C and fig. S6 ) (12) .
s conserved region sR1.2 interacts with nontemplate-strand ssDNA of the discriminator element, as described previously (Fig. 1E) (7-10) . RNAP core interacts with the nontemplate-strand ssDNA of the core recognition element, templatestrand ssDNA of the transcription bubble, and downstream dsDNA, as described previously (Fig.  1E) (7) (8) (9) (10) .
Genetic and biochemical experiments indicate that class II transcription activation by E. coli CAP involves three sets of protein-protein interactions: (i) activating region 1 (AR1) interacts with aCTD, (ii) activating region 2 (AR2) interacts with a species-specific insertion in RNAP a I subunit N-terminal domain (aNTD I ) (162-165 determinant), and (iii) activating region 3 (AR3) interacts with sR4 (1, 2) .
In TAP-RPo, a surface of TAP corresponding to AR2 approaches aNTD I and contacts the RNAP b flap (Fig. 3A) . Three residues of TAP AR2 are positioned to make direct contacts with three residues of RNAP b subunit (Fig. 3B) . TAP Glu 77 and RNAP b Arg 735 are positioned to form a salt bridge in the AR2-RNAP interface (Fig. 3B) . Chargereversal substitution of either residue decreases TAP-dependent transcription, and charge-reversal substitution of both residues, which recreates a salt bridge, restores TAP-dependent transcription, confirming the importance of the inferred interaction (Fig. 3B) . Homology modeling of CAP-RPo based on TAP-RPo indicates that CAP AR2 is positioned to contact the aNTD I 162-165 determinant (a species-specific insertion present in E. coli RNAP but not in T. thermophilus RNAP) ( fig. S8, A and B) , consistent with previous work (13) . Homology modeling indicates that CAP AR2 also is positioned to contact the RNAP b flap (fig. S8, A and B) . Substitution of the inferred interacting residues decreases CAP-dependent transcription, indicating that the inferred interactions occur and are important ( fig. S8B) .
In TAP-RPo, a surface of TAP corresponding to AR3 contacts sR4 a helices 4 and 5 and the RNAP b flap-tip a helix (Fig. 3A) . Eight predominantly negatively charged residues of TAP AR3 are positioned to interact with six predominantly positively charged residues of sR4 and three predominantly positively charged residues of the b flap-tip a helix (Fig. 3C) . TAP Glu 15 is positioned to form a salt bridge with a sR4 Arg residue at the center of the interface (Fig. 3C) . Charge-reversal substitution of either residue decreases TAP-dependent transcription, and charge-reversal substitution of both residues, recreating a salt bridge, restores TAP-dependent transcription, indicating that the interactions occur and are important (Fig. 3C) . Homology modeling of CAP-RPo based on TAP-RPo predicts equivalent interactions between seven predominantly negatively charged residues of CAP AR3 and five predominantly positively charged residues of sR4 and one residue of the b flap-tip ( fig. S8 , A and C), consistent with previous work (14, 15) .
In TAP-RPo, the surface of TAP corresponding to AR1 makes no interactions, and, instead, a different surface of TAP, here designated "activating region 4" (AR4), interacts with aCTD (Figs. 1, B and C, and 4A) . The interface between TAP AR4 and aCTD is large (300 Å 2 ) (Fig. 4B) . Nine residues of TAP AR4 are positioned to make direct contacts with eight residues of aCTD (Fig.  4B) . Substitution of residues implicated in TAP AR4-aCTD interaction results in defects in TAPdependent transcription (Fig. 4B) . TAP-aCTD interactions differ from CAP-aCTD interactions not only in the identities of the activating regions (AR4 in TAP; AR1 in CAP) but also in the fact that TAP interacts with aCTD not bound to DNA, whereas CAP interacts with aCTD bound to DNA immediately upstream of CAP (Figs. 1 , B and C, and 4A) (1, 2). Hydroxyl-radical DNA footprinting confirms that aCTD functions differently in T. thermophilus than in E. coli. Thus, T. thermophilus aCTD does not footprint DNA at a class II TAP-dependent promoter or a ribosomal RNA (rRNA) promoter (figs. S9 to S11), in contrast to E. coli aCTD, which footprints DNA immediately upstream of CAP at a class II CAP-dependent promoter and adeninethymine-rich upstream-element DNA immediately upstream of the -35 element at a rRNA promoter (figs. S9 to S11). Consistent with the structure of TAP-RPo, fluorescence-polarization assays show that TAP is able to bind to aCTD in the absence of DNA and that the binding requires AR4 (Fig. 4C, left) . Further consistent with the structure, fluorescence-polarization assays show that TAP is able to bind to RNAP holoenzyme in the absence of DNA and that the binding requires AR4 interactions and does not require AR2 and AR3 interactions (Fig. 4C,  right) .
The finding that TAP is able to bind to RNAP holoenzyme in the absence of DNA raises the possibility that TAP, in contrast to CAP, can access not only a "recruitment" pathway, in which the activator interacts first with DNA and then with RNAP holoenzyme, but also a "prerecruitment" pathway, in which the activator interacts first with RNAP holoenzyme and then with DNA ( fig. S12 ) (16) . Based on the equilibrium dissociation constant (K D ) for TAP-RNAP holoenzyme interaction (6 mM) (Fig. 4C, right) and the concentration of nontranscribing RNAP in bacteria in vivo (5 mM) (17), it appears likely that a prerecruitment pathway contributes to TAP-dependent transcription in T. thermophilus in vivo.
Measurements of effects of substitution of TAPactivating regions on the kinetics of transcription initiation indicate that TAP AR2 and AR3 promote isomerization of RPc to RPo (k f ), and TAP AR4 promotes formation of RPc (K B ) (Fig. 4D ). This pattern is reminiscent of the pattern for E. coli CAP, for which AR2 and AR3 promote isomerization of RPc to RPo (11, 13, 15) , and AR1, through interaction with aCTD, promotes formation of RPc (11, 13) . A long-standing question has been how a class II activator promotes isomerization of RPc to RPo, which entails loading of DNA into the RNAP active-center cleft, unwinding of DNA to form the transcription bubble, and closure of the RNAP clamp (1-3, 13, 18-20) . The structure of TAP-RPo reveals that TAP does not interact with, and does not alter the conformation or interactions of, the RNAP active-center cleft, the transcription bubble, or the RNAP clamp. The structure further reveals that the interactions that promote isomerization-AR2 and AR3 interactions-are simple, adhesive, stabilizing protein-protein interactions between exposed surfaces of TAP and exposed surfaces of RNAP holoenzyme (Fig. 3 and fig. S8 ). We infer that interactions between a class II activator and RNAP holoenzyme that promote formation of RPc (AR4 interactions for TAP; AR1 interactions for CAP) and interactions between class II activator and RNAP holoenzyme that promote isomerization (AR2 and AR3 interactions) do not differ in character but, instead, differ only in timing (13, (18) (19) (20) . The former first occur in the transition state for formation of RPc and stabilize both RPc and RPo, whereas the latter first occur in the transition state for isomerization of RPc to RPo and stabilize RPo (Fig. 4E) . 
